Mesenchymal stem cells (MSCs) are multipotent cells that differentiate into a variety of lineages including myocytes and vascular endothelial cells. However, little information is available regarding the therapeutic potential of MSCs in patients with atrioventricular block (AVB). We investigated whether local implantation of MSCs improves AV conduction in a rat model of complete AVB. Complete AVB was achieved by injection of ethanol into the AV nodal region of Lewis rats. Five days after ethanol injection, 2 × 10 6 of MSCs (MSC group) or vehicle (Control group) were injected into the AV nodal region. Animals were monitored by electrocardiograms for 14 days, and physiological and histological examinations were performed. The 1:1 AV conduction was recovered in 5 of 15 rats (33%) in the MSC group during the followup period, whereas no improvement was observed in the control group. MSC transplantation significantly decreased collagen deposition in the AV node, which was associated with a marked decrease in transforming growth factor-β1 expression. In vitro experiments demonstrated that MSCs secreted a large amount of antifibrotic factors such as hepatocyte growth factor and interleukin-10, and MSC conditioned medium inhibited the growth of adult cardiac fibroblasts. In addition, local injection of MSC conditioned medium recovered AV conduction in 2 of 15 rats (13%). MSC transplantation improved AV conduction in a rat model of complete AVB, at least in part through antifibrotic paracrine effects.
INTRODUCTION
Mesenchymal stem cells (MSCs) are multipotent adult stem cells residing within the bone marrow microenvironment (24) . In contrast to their hematopoietic The atrioventricular (AV) node is a key component of the cardiac conduction system (10, 11) . Most cases counterparts, MSCs are adherent and can be easily expanded in culture. Earlier studies have demonstrated that of acquired AV block (AVB) are secondary to various degenerative processes such as calcification or fibrosis MSC transplantation improves cardiac function in animal models of myocardial infarction or dilated cardio-in the specialized myocardium in the compact AV node and/or His bundle (33). Although permanent pacing is myopathy through regeneration of blood vessels and myocardium and release of angiogenic and antiapoptotic indicated in symptomatic patients with complete AVB, right ventricular pacing does not necessarily improve the factors (9, 16, 17, 19, 25, 28) . Considering that degenerative change in the compact AV node and/or His bundle hemodynamic state, because of loss of interventricular synchronization. Therefore, a novel therapeutic strategy is one of the causes of AVB, these findings raise the possibility that transplanted MSCs may have beneficial is desirable for the treatment of complete AVB. 1146 YOKOKAWA ET AL. effects on AV conduction. However, little information ufacturer's instruction. After 14 days of differentiation, cells were fixed and stained with Alizarin Red S (Sigma-is available regarding the therapeutic potential of MSCs for AVB.
Aldrich, St. Louis, MO). To induce the differentiation into adipocytes, MSC were cultured with adipocyte Few reports have described a reliable and reproducible model of complete AVB; however, Lee et al. re-differentiation medium: 0.5 mM 3-isobutyl-1-methylexanthine (Wako Pure Chemical Industries, Osaka, Ja-ported a convenient rat model of permanent complete AVB with ethanol injection (14) . This model provides pan), 1 µM dexamethasone (Wako Pure Chemical Industries), 50 µM indomethacin (Wako Pure Chemical an easy and precise physiological means of assessing cardiac conduction. Thus, using this model, we exam-Industries), and 10 µg/ml insulin (Sigma-Aldrich) in α-MEM supplemented with 10% FBS. After 21 days of ined whether MSC transplantation improves AV conduction in rats, and investigated the underlying mecha-differentiation, adipocytes were stained with Oil Red O (Sigma-Aldrich). Surface antigen expression of MSCs nisms for the effects of MSCs.
was confirmed to be positive for CD29 and CD90 and MATERIALS AND METHODS negative for CD31, CD34 and CD45 (data not shown).
Isolation and Expansion of Bone Model of Complete AVB Marrow-Derived MSCs
MSC isolation and expansion were performed ac-Male Lewis rats weighing 260-320 g (Japan SLC Inc., Hamamatsu, Japan) were used in this study. These cording to previously described methods (19). In brief, rats were sacrificed and bone marrow was harvested by isogenic rats served as donors and recipients of MSCs to simulate autologous transplantation. Complete AVB flushing their femoral and tibial cavities with PBS. Bone marrow cells were cultured in α-Minimum Essential was produced as described previously (14) . In brief, rats were anesthetized with sodium pentobarbital (30 mg/kg, Medium (α-MEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen) IP) and ventilated with a volume-regulated respirator. Following midline sternotomy and pericardiotomy, 20 and antibiotics. A small number of cells developed visible symmetric colonies by days 5-7. Nonadherent he-µl of 70% ethanol was injected into the myocardium 3 mm below the epicardial surface between the aortic matopoietic cells were removed, and the medium was replaced. The adherent, spindle-shaped MSC population root and the right atrial wall using the epicardial fat pad as a landmark of the injection point. To detect the expanded to >5 × 10 8 cells within four to five passages after the cells were first plated. The multipotency of site of AVB, His-bundle electrograms were recorded in some rats with complete AVB by a 1.5 Fr bipolar MSC was confirmed by inducing differentiation into osteocytes and adipocytes in vitro ( Fig. 1 ). To induce the microelectrode catheter inserted via the right carotid artery and positioned in the noncoronary aortic cusp. differentiation into osteocytes, MSC were cultured in α-MEM with MSC osteogenesis supplements (Dainippon Rats with complete AVB showed atrial-to-His bundle block ( Fig. 2A ). The Animal Care Committee of the Sumitomo Pharma, Osaka, Japan) according to the man- National Cardiovascular Center approved this experi-trichrome. A transverse section of the AV nodal region was selected to analyze collagen deposition in the AV mental protocol.
node. After computerization with a digital image ana-MSC Transplantation lyzer (WinRoof, Mitani Co., Tokyo, Japan), collagen volume fraction was calculated as the area containing Five days after ethanol injection, ECGs were recorded, and only rats with persistent complete AV block connective tissue divided by the total area of the AV node (×200, n = 15 in each group), as reported pre-were enrolled in this study. We injected 2 × 10 6 MSCs suspended in 50 µl phosphate-buffered saline (PBS) viously (20). All histological analyses were performed by a blinded investigator (H.I.-U.). (MSC group, n = 15) or PBS alone (control group, n = 15) into the AV nodal region with a 29-gauge needle.
For immunohistochemical staining, transverse sections of the AV nodal and perinodal region were stained Sham rats were given PBS instead of ethanol and MSCs (sham group, n = 15).
with polyclonal human anti-TGF-β1 antibody (Chemicon, Tamecula, CA, USA), monoclonal human anti-
Collection of MSC Conditioned Medium
MMP-2 and MMP-9 antibodies (Daiichi Fine Chemical, Toyama, Japan), polyclonal anti-HGF antibody (Institute MSC conditioned medium was collected from the fifth passage of MSCs (2.5 × 10 6 cells in 10-cm dishes) of Immunology, Tokyo, Japan), and goat anti-IL-10 antibody (R&D Systems, Minneapolis, MN, USA). cultured in standard medium for 48 h, and used for MTS assay, enzyme-linked immunosorbent assay (ELISA), Isolation of Primary Cardiac Fibroblasts and a rat model of AVB.
Primary cardiac fibroblasts were obtained as described Monitoring Electrocardiographic Parameters previously (5) . In brief, after rats were sacrificed, their hearts were excised and cut into 1-mm 2 fragments. Tissue Rats were monitored with electrocardiograms (ECGs, ECG-9020, Nihon Kohden Co., Tokyo, Japan) under an-fragments were plated onto a 100-mm dish for 2 h. After 2 h of adhesion, 10 ml α-MEM supplemented with 10% esthesia (IP injection of 10 mg/kg sodium pentobarbital) every other day for 14 days after MSC transplantation to FBS was added to cover each fragment. Two days later, we removed the pieces and exchanged the culture medium. determine whether or not AVB improved. We observed standard electrophysiological parameters such as heart After 4-5 days, fibroblasts began to proliferate from the fragment margin and created a monolayer. The outgrowing rate, P-P interval, R-R interval, and P-R interval to evaluate electrically insulated conduction between the cells were morphologically consistent with fibroblasts from their spindle-shaped appearance. atrium and ventricle.
Histological Examination MTS Assay
We investigated the paracrine effects of MSCs on fi-The myocardium was excised 14 days after MSC transplantation and fixed in 4% paraformaldehyde, cut broblast proliferation in vitro. Experiments were carried out using cells derived from five passages. Cardiac fi-in the classical transverse plane of the AV conduction axis, embedded in paraffin, and stained with Masson's broblasts were plated onto 96-well plates (4 × 10 3 cells/ well). After 24 h, the medium was changed to condi-ELISA tioned medium obtained from MSC or cardiac fibro-To investigate whether cultured MSCs secreted antiblasts cultured in serum-free medium for 48 h. After 48 fibrotic factors, HGF and IL-10 levels in MSC condih, the cellular level of 3-(4,5-dimethylthiazol-2-yl)-5-(3tioned medium were measured using ELISA kits, accarboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium cording to the manufacturer's protocols (HGF, Institute (MTS), indicative of the mitochondrial function of livof Immunology; IL-10, R&D Systems). ing cells and cell viability, was measured with a Cell-Statistical Analysis Titer96 AQueous One Solution Kit (Promega, Madison, WI, USA) and a Microplate Reader (490 nm, Bio-Rad, Numerical values were expressed as mean ± SEM unless otherwise indicated. Comparisons of parameters Hercules, CA, USA). 
between two groups were made by unpaired Student's Expression of Fibrosis-Related Proteins
After MSC Transplantation t-test. For multiple comparisons of more than two groups, we performed one-way analysis of variance (ANOVA).
To investigate the changes in the expression of fibro-If the ANOVA was significant, we used the Newmansis-related proteins after MSC transplantation, we exam-Keuls procedure as a post hoc test. A value of p < 0.05 ined the expression of TGF-β1, MMP-2 and MMP-9, was considered significant.
HGF, and IL-10 at the AV nodal region. TGF-β1, MMP-2, and MMP-9 were expressed in the control and RESULTS MSC-AVB (+) groups, but scarcely expressed in the MSC-AVB (−) group (Fig. 4A) . In contrast, HGF and Reversion of Complete AVB to 1:1 AV Conduction IL-10 were expressed in the MSC group whereas they After MSC Transplantation were not expressed in the control group (Fig. 4B ). Ethanol injection resulted in complete AVB, and no rats that received vehicle (control group) recovered 1:1
Effect of MSC Conditioned Medium on Fibroblast AV conduction even after 14 days, confirming the con-Proliferation and AVB sistency of our experimental model ( Fig. 2A) . However, Because MSC transplantation had antifibrotic effects 5 of the 15 rats (33%) that received MSCs (MSC group) ( Figs. 3 and 4) , some paracrine effects of MSCs were recovered 1:1 AV conduction (Fig. 2B, C) . Reversion to expected. To confirm the paracrine effects, adult rat car-1:1 AV conduction in the MSC group was observed diac fibroblasts were cultured in standard medium or in from days 4 to 10 after MSC transplantation (Fig. 2B) .
conditioned medium obtained from MSC culture, and cell proliferation was examined by MTS assay. The re-
Effect of MSC Transplantation on Electrocardiographic
sults demonstrated that the number of viable cells was and Physiological Parameters significantly lower in MSC conditioned medium compared to standard medium or fibroblast conditioned me-Ethanol injection resulted in decreased heart rate and dium ( Fig. 5A ), suggesting that MSC conditioned meincreased R-R interval without change in the P-P interdium has a growth inhibitory effect on fibroblasts in a val ( Table 1, Table 1 ). The P-P interval did not change rats with AVB, and 2 out of 15 (13%) rats recovered 1:1 significantly by MSC transplantation; however, the P-R AV conduction after local injection of MSC conditioned interval was significantly longer in the MSC-AVB (−) medium (Fig. 5C ). group than the sham group. The ratio of heart weight to body weight was significantly higher in the control and DISCUSSION MSC-AVB (+) groups than the sham group, suggestive
In the present study, we demonstrated that MSC of heart failure, which was remarkably attenuated in the transplantation improved AV conduction in a subsample MSC-AVB (−) group. Body weight did not significantly of rats with complete AVB, and MSC transplantation differ in all groups.
decreased collagen volume fraction in the AV node. We also demonstrated that MSCs secreted a large amount of Reduction of Myocardial Fibrosis antifibrotic factors such as HGF and IL-10, and MSC After MSC Transplantation conditioned medium decreased fibroblast proliferation in vitro, and improved AV conduction in a subsample of Masson's trichrome staining of the heart sections demonstrated marked fibrotic changes in the compact rats with complete AVB.
We obtained a rat model of complete AVB by etha-AV node after ethanol injection (Fig. 3A) . Particularly in the control group, AV nodal myocytes were rarely nol injection as described previously (14) . An earlier study demonstrated that ethanol-induced myocardial observed due to a large amount of collagen deposition. On the other hand, MSC transplantation significantly at-damage appeared as necrotic myocytes associated with various phases of inflammation and repair, depending tenuated collagen deposition in the compact AV node. Quantitative analysis demonstrated that the collagen vol-on the time elapsed since injury (14) . Coagulation necrosis of myocytes, mild hemorrhage, and polymorphous ume fraction in the MSC-AVB (−) group was significantly smaller than that in the control or MSC-AVB (+) inflammation are observed in the acute phase (<4 days), whereas the chronic stage (≥4 days) is characterized by group (Fig. 3B ). granulation tissue replacing specialized muscle (14) . As
A recent in vitro study demonstrated that MSCs were able to repair conduction block in cardiomyocytes through a result, complete AVB is achieved through obliteration of either the AV node or His bundle. In the present connexin-mediated coupling (2) . In the present study, the P-R interval was significantly longer in the MSC-study, focal mild hemorrhage, granulomatous inflammation, and myocardial damage were observed in histologi-AVB (−) group than the sham group, suggestive of incomplete repair of conduction block. In addition, very cal analysis 5 days after ethanol injection in all rats with complete AVB, confirming the reproducibility of our small fraction of transplanted MSCs was observed at AV node, and very small number of MSCs expressed methods (data not shown). In addition, none of the rats in the control group recovered 1:1 AV conduction 14 conduction marker proteins NF160 and connexin-45 (data not shown). Moreover, MSC conditioned medium days after vehicle injection. These results suggest that these rats serve as a model of AVB.
alone recovered AVB in a subsample of rats. Therefore, it is unlikely that transplanted MSCs differentiated into Our data demonstrated that MSC transplantation inhibited collagen deposition in the compact AV node in functional AV nodal cardiomyocytes and contributed to the reversion of AVB. a rat model of complete AVB, suggesting that local implantation of MSCs could reduce the fibrotic changes
In the present study, transplantation of MSCs alone failed to induce reversion to 1:1 AV conduction in 67% after ethanol injection. We also showed that the expression of TGF-β1, a profibrogenic cytokine, was de-of MSC-transplanted rats, most likely due to insufficient inhibition of fibrotic changes after ethanol injection, and creased after MSC transplantation. TGF-β1 is a locally generated cytokine that has been implicated as a major inability of MSCs to sufficiently engraft to form a pathway across the AV node. Considering that progressed stimulator of tissue fibroinflammatory changes such as fibroblast proliferation, collagen synthesis, and inhibi-fibrosis is irreversible and antifibrotic paracrine effects of MSCs could be one of the mechanisms in this model, tion of collagen degradation (3, 15, 30) . Furthermore, our in vitro study demonstrated that MSCs secreted a large it is plausible that earlier treatment could provide better outcomes. In the clinical setting, more beneficial effects amount of antifibrotic factors such as HGF and IL-10, and in vivo study demonstrated that their expression was may be necessary for the treatment of complete AVB. Gnecchi et al. showed that genetic modification of observed after MSC transplantation. HGF has been shown to induce not only angiogenic, but also antiapo-MSCs with the prosurvival gene Akt1 increased the posttransplantation viability of these cells and enhance ptotic and antifibrotic effects (22) , and has been demonstrated to improve fibrotic changes in animal models of their therapeutic efficacy (7) . We and others have shown that antiapoptotic and antioxidant factors possess potent liver fibrosis (32) , diabetic nephropathy (18), pulmonary emphysema (29) , and cardiomyopathy (21). IL-10, on cytoprotective activity and enhances the therapeutic potency of transplanted MSCs (8, 31) . the other hand, is a potent anti-inflammatory cytokine and was reported to downregulate the synthesis of colla-Although we did not perform a dose-response study, we and others have injected 5 × 10 6 MSCs in rat gen type I, and to play an antifibrogenic role by reducing profibrogenic cytokines, including TGF-β1 and tumor models of hindlimb ischemia (9) . It is possible that with lower cell number, the rate of reestablishment of necrosis factor-α (26, 27) . Previous studies showed that IL-10 attenuates pulmonary fibrosis (1) and liver fibrosis AV nodal function could be increased. Further studies are necessary to apply MSC transplantation to clinical (4). In addition, MMPs and their physiological inhibitors, TIMPs, play a key role in collagen remodeling in therapy.
In conclusion, transplantation of MSCs improved AV the heart. We previously showed that the MSC transplantation attenuated the increases in MMP-2 and MMP-conduction in a rat model of complete AVB, at least in part through antifibrotic paracrine effects. Thus, MSC 9 in a rat model of dilated cardiomyopathy (19), suggesting that MSC transplantation may influence extracellular transplantation has potential as a new therapeutic strategy for the treatment of AVB. remodeling in heart failure. Recent studies indicate that MSCs mediate pleiotropic effects by secreting a large ACKNOWLEDGMENTS: We thank Masashi Inagaki, M.D., number of humoral factors (6, 7, 9, 12, 13, 19) , and we have recently demonstrated that MSC conditioned me- remains to be elucidated.
